Introduction
Goethite (-FeOOH) is one of the most common oxyhydroxides in soils, sediments and clays on Earth. It is a product of the weathering of rocks and an important mineral in the biogeochemical cycle of iron (Banfield et al., 2000) . Its presence has been used to understand greenhouse effects 1.8 billion years ago (Ohmoto et al., 2004) , and its magnetic nature enables paleorainfall reconstruction by understanding this mineral as a result of weathering (Maher & Thomson, 1995) . (U-Th)/He dating of goethite has been shown to give accurate weathering geochronology (Shuster et al., 2005) and has been applied to understand the evolution and origin of geological formations, e.g. the Canaga formation in Brazil, that lack Kbearing Mn oxides datable by the more widely used 40 Ar/ 39 Ar dating method (Monteiro et al., 2005) . Analysis of thermoremanence in goethite has proven that its weak ferromagnetic component should be considered an important part of the paleomagnetic signal (Rochette & Fillion, 1989; Strangway et al., 1968) . Goethite is of interest for environmental remediation as well. For example, it absorbs gallium, which is a pollutant of the nuclear weapons industry (dos Santos et al., 2001) , nickel, zinc and cadmium, which are considered potentially toxic metals (Bruemmer et al., 1988) , and arsenic, which has been found to contaminate ground water in many countries (Dixit & Hering, 2003) . Given the unique magnetic behavior of goethite nanorods, this mineral can be used as a ferrofluid (Lemaire et al., 2002) and is the main starting material of magnetic pigments (Nuñ ez et al., 2000) . It has also been used extensively in the preparation of maghemite (-Fe 2 O 3 ) for magnetic storage media (Nuñ ez et al., 2000) . With the increasing importance of magnetic nanomaterials in industry, understanding the magnetic properties of goethite, in particular the influence of the crystallite size on these properties, is significant for future technological development (Mørup et al., 2007) .
The crystal structure of goethite was first determined using X-ray diffraction by Goldsztaub (1935) and von Hoppe (1941) . Despite the great interest in this mineral, it was not until Yang et al. (2006) utilized X-ray diffraction on a single crystal of goethite that the structure was determined in greater detail. Their findings include anisotropic thermal motion parameters of all atoms except hydrogen. However, owing to the lack of a magnetic moment of X-rays, the magnetic structure could not be determined. Goethite is isostructural to diaspore (Forsyth et al., 1968) , with Fe 3þ ions occupying half of the octahedral interstices of O ions that are arranged in a distorted hexagonal close-packed structure. The octahedra share edges, forming ribbons that run parallel to the crystallographic c axis, and are linked through the vertices to form three-dimensional tunnels with H atoms inside. There are two distinct O sites, O1 and O2, which are coordinated to three symmetry-equivalent Fe atoms, with O2 additionally bonded to an H atom (Yang et al., 2006) . All atoms lie on mirror planes at z = 1 4 . Gualtieri & Venturelli (1999) investigated the decomposition of goethite to hematite at around 523 K, using real-time synchrotron X-ray diffraction. Their analysis of 30 diffraction patterns acquired between 300 and 1073 K indicates the existence of a nonstoichiometric intermediate phase they termed protohematite. Nagai et al. (2003) investigated the compression behavior of goethite in a diamond anvil cell and established its equation of state up to 24.5 GPa with synchrotron X-ray diffraction.
The Né el temperature of goethite has been previously reported to be in the range of 343-443 K (Ö zdemir & Dunlop, 1996) . Although goethite exhibits an overall complex magnetic behavior, its strongest magnetic interaction is antiferromagnetic. Previous neutron diffraction studies have found that the nuclear and magnetic unit cells of goethite are the same, and that the iron magnetic moments are collinear and can be described by two antiferromagnetically coupled sublattices aligned parallel to the c axis in color space group Pb 0 nm (Forsyth et al., 1968; Szytula et al., 1968; Figs. 1a and 1b) . Furthermore, studies on a range of goethite samples show an apparent superparamagnetic behavior, where individual spins relax and change orientation with a certain frequency. A weak ferromagnetic component has also been measured, where spins are parallel to each other and pointing in the same direction (Barrero et al., 2006) . The possibility that defects caused by water molecules in the structure give rise to this observed ferromagnetic component has been considered (Van Oosterhout, 1965) . Lattice vacancies may also introduce unpaired spins responsible for this weak ferromagnetic component (Banerjee, 1970) . Canting of the magnetic moment by 13 with respect to the c axis has been reported on the basis of neutron diffraction on a sample of natural goethite (Coey et al., 1995) . The authors proposed that the spin canting may lead to mode superparamagnetism, which is superparamagnetism of the transverse mode of the iron spin vector, and that it may also explain goethite's weak ferromagnetism. However, the analysis of Mö ssbauer spectra showed that the magnetic properties of goethite can be explained by neither superparamagnetism nor mode superparamagnetism (Bocquet, 1996) . Moreover, the results of thermoremanence studies are inconsistent with weak ferromagnetism due to spin canting (Ö zdemir & Dunlop, 1996) . Such contradictory findings and interpretations of experimentally observed magnetic phenomena in different goethite samples have led to the idea that they may be attributed to parasitic phenomena due to deviations of the structure from its pure form (Murad & Schwertmann, 1983) . Extracting the intrinsic magnetic properties of goethite requires therefore a full characterization of the deviations from the exact stoichiometry and perfect homogeneity, since natural (and many synthetic) goethite samples are most commonly found with impurities, varying water content and poor crystallinity.
Several scenarios have been proposed to explain the superparamagnetic like behavior of goethite. The first scenario is that the observed relaxation behavior is due to the presence of vacancy defects and the formation, coupling and relaxation of magnetic clusters (Bocquet & Kennedy, 1992; , as opposed to the standard superparamagnetic relaxation of individual spins. In other words, it is the relaxation of spins of the magnetic clusters that mimics the magnetic properties of a typical superparamagnet. A second scenario was proposed by Mørup et al. (1983) , who suggest that most particles interact in what they call a superferromagnetic coupling scheme, where microcrystallites grouped in bundles ferromagnetically couple with each other. A third scenario, by Madsen et al. (2009) , assumes that the coupling of particles is weakened between grains, owing to high-angle boundaries, leading to fluctuations of the sublattice magnetizations. These three scenarios differ in that the model by assumes coherently magnetized clusters within particles, Mørup et al. (1983) assume superferromagnetic coupling between interacting particles and Madsen et al. (2009) propose that the magnetization of crystallites fluctuates owing to weak coupling between grains. Coey et al. (1995) provide an alternative explanation, where they attribute the asymmetrically broadened Mö ssbauer spectra (a signature of superparamagnetism) to a spin moment canting of 13 with respect to the c axis, which in turn can lead to mode superparamagnetism. Pankhurst et al. (2012) (e) Rietveld refinement with Pbnm (nuclear) + P2 1 ab (magnetic) space groups. P2 1 ab was used as a model for the magnetic structure in order to free constraints on spins to point either parallel or perpendicular to the c axis. Given the absence of these constraints, the model converges to a structure where spins are generally pointing in the direction of the c axis with a strong canting in the direction of the b axis and a slight canting towards the a axis.
first to report on experimental evidence of mode superparamagnetism in that they attribute the thermal decay of remanence curves to it, but no neutron diffraction data were presented to support their conclusion. Also, past neutron diffraction studies provided no independent indication for the occurrence of spin canting.
While Mö ssbauer spectroscopy and other techniques that measure the magnetic response of a material are important for understanding the collective behavior of magnetic moments, neutron diffraction remains the only technique that gives a direct measurement of the ordering of the spins in the lattice. In this paper, we present neutron diffraction data on two natural goethite samples with different crystallite size. Our results corroborate the absence of any spin canting and show an important reduction in the Né el temperature as a function of decreasing crystallite size. Therefore, an alternative explanation for the presence of mode superparamagnetism or superparamagnetism (if any) would need to be evoked, as previously discussed by . Our results intend to provide further insight into the magnetic structure of goethite, which is important in identifying the underlying mechanisms for goethite's intriguing and diverse magnetic properties.
Experimental
The goethite samples used in this study are from the collection of the Museo Gemma 1786 of the University of Modena and Reggio Emilia, Modena (Italy). They are natural polycrystalline powders of goethite (-FeOOH) . Sample A is a well crystallized oolite-like sample with acicular needles from the Salzgitter mine (Lower Saxony, northern Germany) (Laznicka, 2006) . Sample B is a fine ochre-like nanocrystalline sample from the Corchia mine (Berceto, Parma, Italy) (Adorni & Guelfi, 1997) . Electron microprobe analysis on sample A found trace amounts of Si, Al and Ca.
Neutron diffraction experiments were performed on the time-of-flight (TOF) Neutron Powder Diffractometer (NPDF) (Proffen et al., 2002) and the High Intensity Powder Diffractometer (HIPD) at the Los Alamos Neutron Science Center of Los Alamos National Laboratory. Approximately 3 cm 3 of powder of each sample were loaded into 0.95 cmdiameter vanadium canisters sealed with indium wire in an He-filled glove box to avoid air in the container in order to reduce its background contribution and to prevent condensation of water vapor at 15 K. For NPDF, the measurements were taken in a displex closed-cycle refrigerator for approximately 6 h per run at 15 and 300 K for both samples A and B. NPDF has a beam size of 5 cm high and 1 cm wide and detector banks at AE45, AE90, AE119 and AE148
, covering d spacings from 0.14 to 7.2 Å . Although hydrogen has a large incoherent scattering cross section (Table 1) , the high resolution and low instrument background of this beamline provide the possibility to use natural samples without deuteratation, thus preserving their original structure. Sample A was also measured on HIPD. This beamline covers a larger d-spacing range of 0.2-38 Å , which proves useful for differentiating between magnetic models, as will be discussed in x4. Measurements on HIPD were taken at 4 and 300 K for 12 h each.
Diffraction data collected with NPDF and HIPD were processed using the Rietveld method with the software GSAS (Larson & Von Dreele, 2004) . GSAS was chosen for its capability of refining both nuclear and magnetic structures from TOF neutron diffraction data. The GSAS scripting language gsaslanguage was used (Vogel, 2011) . The nuclear and magnetic contributions to the spectra were managed separately by defining one purely nuclear goethite phase and one purely magnetic phase that only takes into account the spin contributions of the Fe atoms to the diffraction signal. This facilitates the process of finding a good magnetic model for the data (Cui et al., 2006) . We constrained the lattice, atomic positions, peak profile function and thermal motion parameters of the nuclear and the magnetic phase to have equal values, ensuring that the two-phase system actually represents a single-crystal phase. The starting structural model refined in space group Pbnm was taken from Forsyth et al. (1968) and initial lattice parameters from Yang et al. (2006) . Data from all four banks were refined for the NPDF data using the ranges of 1.1-5.5 Å for the AE45 bank, 1.1-3.5 Å for the AE90 bank, 1.1-2.8 Å for the AE119 bank and 1.1-2.8 Å for the AE148 bank. For HIPD, only data from the 40 bank were refined. The background was refined using a Chebyschev polynomial of the first kind, with ten coefficients for NPDF and HIPD, except for the NPDF high-resolution bank at AE148
, where 20 background coefficients were used. Lattice parameters, magnetic moment and isotropic thermal motion were refined at different stages of the refinement to ensure convergence. The conversion factor between time of flight and d spacing, DIFC, was refined to compensate for sample misalignment. A convolution of a Gaussian with two back-toback exponential functions was used as a peak profile function (TOF profile function number 1 in GSAS). Parameters 2 1 and 2 2 of the profile function were constrained to be equal for both magnetic and nuclear phases and refined. A detailed explanation of this function and its parameters is given by Von Dreele et al. (1982) . As the profile parameter 2 2 has generally no instrument contribution and is directly dependent on the crystallite size, this term can be used to calculate an average crystallite size p ¼ CK=½ð8 ln 2Þ   2   2 1=2 , where p is in å ngströ m, C is the diffractometer constant DIFC and K is the Scherrer constant, which is assumed to be equal to 1 (Larson & Von Dreele, 2004) . Calibration of the instrument was done with a standard and normalization with a vanadium-niobium (nullscattering) rod. research papers Table 1 Neutron scattering cross sections in barns (1 b = 100 fm 2 ) for relevant elements (Sears, 1992 Pair distribution function (PDF) analysis was performed for both samples collected with NPDF. The program PDFgetN (Peterson et al., 2000) was used for processing of bank data, including subtraction of background from container scattering and the intensity normalization by scattering from a vanadium-niobium rod. Data were also corrected for absorption and multiple scattering. The treatment of hydrogen background followed the methods described by Page et al. (2011) . Intensity integration and normalization using all four banks was performed to produce one total scattering structure function for each sample at a given temperature. Finally, the experimental pair distribution function G(r) was obtained by calculating the Fourier transform of the normalized total scattering structure function up to Q max of 28 Å À1 . All experimental PDFs were analyzed using the software package PDFgui (Farrow et al., 2007) . Instrument resolution parameters, Qdamp = 0.00623 and Qbroad = 0.0021, were determined with an Si standard measured under similar experimental conditions. Since the current PDFgui program does not consider the magnetic scattering contributions to the modeling scheme, only the nuclear structural phase was analyzed, using PDF data ranging from 1.5 to 80 Å . PDF realspace refinements with this long-r-range data emphasize the average crystal structure (i.e. nuclear phase); hence, any mismatch of the model fit to the data can be attributed to the presence of magnetic scattering and local structural distortion. In addition, to improve the confidence of the PDF analysis, data with r < 1.5 Å were excluded from the analysis, because the hydrogen background correction unavoidably changes the intensity of low-r correlations, as discussed by Page et al. (2011) .
During structure refinement, the starting model for the nuclear phase was based on the corresponding model from the Rietveld refinements. In general, the parameters that can be refined with PDFgui include scale factor, unit-cell parameters, atomic positions, thermal motion parameters, crystallite size (all constrained to space group Pbnm), and parameters for the contribution of peak sharpening in the low-r range due to correlated motions (delta2 and sratio). The detailed refinement procedure can be found in the PDFgui user manual. Table 2 Refined lattice parameters, atomic positions, magnetic moments, isotropic thermal motion parameters (U iso ), bond lengths, crystallite size and R F 2 factor for crystalline sample A and nanocrystalline sample B for both Rietveld and PDF results.
The Pb 0 nm color space group was used for Rietveld refinements. In the PDF analysis an r range of 1.5-80 Å was used. Standard deviations are given in parentheses. Young, 1993 
Rietveld nuclear structure
Measured diffraction patterns and the Rietveld fit of samples A and B at 15 and 300 K for detector banks at AE45 of NPDF are shown in Fig. 2 . Experimental data are shown as gray crosses and the continuous black line is the Rietveld model. Tick marks below each spectrum indicate expected hkl reflections from the magnetic lattice (top row) and nuclear lattice (bottom row). The difference between the model and experimental data is shown at the bottom of each plot. A close-up of the purely magnetic 100 peak is included for clarity. Intensities are divided by the incident spectrum and background is subtracted. After normalization by the incident spectrum, the background has the same order of magnitude as the diffraction peaks, mainly because of incoherent scattering from H atoms. Diffraction peaks for sample B are much broader than for sample A, which is attributed to the small crystallite size of sample B. The refined structural parameters, including isotropic thermal motion parameters, bond lengths and crystallite sizes, are shown in Table 2 . 1 The calculated lattice parameters fall between those reported by Yang et al. (2006) and Bocquet & Kennedy (1992) .
Atomic positions of all atoms including hydrogen were refined (Table 2) . Hydrogen has an appreciable neutron scattering cross section compared with oxygen and iron (Table 1) , which enables the refinement of its position satisfactorily (Fig. 1). For the Rietveld refinement, the uncertainties in atomic positions are about 0.15%, on average, of the calculated value. The standard deviations are considerably higher for the Rietveld refinement than for the PDF analysis (Table 2) , though they both rely on the same experimental data. We attribute this to the fact that the Rietveld refinement relies on individual intensity data which scatter considerably, owing to counting statistics (e.g. Fig. 2 ), whereas the PDF is the result of a Fourier transform which does not conserve the statistical uncertaintly of the collected data.
The isotropic thermal motion parameters (U iso ) are larger for sample A at 300 K than at 15 K. In general, the U iso values of H atoms are one order of magnitude larger than those for Fe and O. The U iso values of Fe and O atoms of sample B at 300 K are comparable to those reported by Gualtieri & Venturelli (1999) at room temperature. Although the general trend is reasonable, the thermal motion parameters might be unrealistic since they are also affected by microstructural features.
The values of the profile function parameter 2 2 are directly related to the crystallite size, as mentioned in x2, and the refined values result in crystallite sizes of 97 (3) and 96 (3) nm for sample A at 15 and 300 K, and 13.3 (4) and 12.2 (6) nm for sample B at 15 and 300 K, respectively (Table 2) .
Rietveld magnetic structure
Calculated structure factors of nuclear and magnetic contributions to diffraction peaks based on Rietveld refinements are shown in Table 3 . The main magnetic contributions to the total peak intensities are on the 020, 100 and 110 reflections, with 100 as a purely magnetic peak. The resulting nuclear and magnetic structures corresponding to the possible research papers Figure 2 Rietveld refinement of neutron diffraction data of goethite (-FeOOH) for the detector bank at 45 of NPDF. (a) Sample A at 300 K, (b) sample A at 15 K, (c) sample B at 300 K (there is no magnetic phase in this refinement) and (d) sample B at 15 K. Gray crosses are experimental data and the solid black line is the fitted curve. Tick marks below each spectrum show hkl reflection positions for the given model: in the top row (in gray) the magnetic peaks and in the bottom row (in black) the nuclear lattice contribution. The difference curve is shown at the bottom of each plot. Notice the clearly resolved purely magnetic 100 peak in between the intense 110 and 200 reflections in (a) and (b); close-ups are shown for clarity. models are shown in Fig. 1(b) . The arrows display the magnetic moment of the Fe atoms aligned parallel to the c axis in an antiferromagnetic coupling scheme. The symmetry planes for this model are shown in Fig. 1(a) , where the darkgray planes correspond to the n-glide and m-mirror planes, and the light gray is the b 0 -glide plane. The diffraction patterns from sample A at 15 and 300 K have the same diffraction peaks, including the purely magnetic 100 reflection, indicating that the sample was maintained below the Né el temperature and the magnetic order was preserved. The magnitude of the magnetic moment of the Fe atoms is refined to be M z ¼ 4:45 ð3Þ B for sample A at 15 K. As the temperature is increased to 300 K the magnetic moment lowers to a value of M z ¼ 3:03 ð3Þ B . The decreased value of the magnetic moment at 300 K is understood to be the result of an increase in disorder of the magnetic spins that effectively lowers the magnetic contributions to the intensity of the diffraction peaks (Tables 2 and 3) . The values for the magnetic moment of sample A are about 20% higher than those reported by Bocquet & Kennedy (1992) . Because of the lower resolution of their study they calculate the magnetic moment from the magnetic contribution to the 020 peak only, which might be a source of the discrepancy with the values obtained in this study. The diffraction peaks from sample B at 15 K are very broad and overlapping, but the same structure as sample A seems to provide the best fit to the data. The refined magnetic moment of sample B at 15 K was M z ¼ 3:04 ð13Þ B . This low value compared to sample A at the same temperature can be explained as an increase of disorder in the magnetic moments introduced by the smaller crystallites of sample B. Sample B at 300 K has no magnetic contribution to the intensity of the peaks; it was refined with the nuclear phase only, indicating that the sample underwent a magnetic phase transition to a paramagnetic state (Fig. 2c) . This implies that the Né el temperature of sample B is lower than that for sample A.
Pair distribution function analysis
PDF analysis can be used as an alternative method for refining the crystal structure and calculating particle size, and provides insight on long-and short-range correlations and local disorder. PDF spectra for samples A and B, collected at 300 and 15 K, are shown in Fig. 3 . Refined parameter values from the PDF analysis are given in Table 2 . The magnetic scattering has not been taken into account in this model, but the intensity contribution from the magnetic lattice decays quickly with decreasing d spacing.
The only observable temperature effects for sample A are lattice contraction, with peaks shifted to lower values observed at high r, and correlation sharpening, with an increase of peak intensities observed at low r (Fig. 3a) . Similar pair-pair correlation sharpening can also be observed for sample B at 15 K (Fig. 3b) . However, in sample B, the Fe-O correlation centered at 1.97 Å appears narrower at 300 K than the Fe-O peak at 15 K. At 15 K the pair-pair correlations for samples A and B are shifted to lower values and the peak intensities increase. The PDF signal of sample B is dampened at high r compared with the signal of sample A, suggesting a loss of long-range order due to poor crystallinity or small crystallite size. Comparison of PDF G(r) for sample A (a) and sample B (b) at 15 and 300 K. Note the discontinuity in the r axis, included to show more detail at the two ends of each data set. Fe-O correlations at 1.97 Å and Fe-Fe correlations at 3.4 Å are labeled. Table 3 Calculated structure factors in femtometres of nuclear and magnetic contributions to hkl reflections for sample A at 15 and 300 K for the 45 bank from NPDF.
Structure factors for canted structures Pbn 0 m 0 and Pbnm (nuclear) + P2 1 ab (magnetic) and ferromagnetic structure Pb 0 n 0 m are shown for comparison. The main discrepancy of our best-fit Pb 0 nm model to a possible canted model with spins generally pointing in the direction of the c axis, Pbnm+P2 1 ab, is the 010 peak predicted by the P2 1 ab space group, which we do not find in the HIPD data at 9.9 Å (cf. Fig. 4 Refinement of the spherical particle diameter parameter for sample B data (used to approximate the dampening of the PDF at high r due to the finite size of crystallites) resulted in a value of approximately 9 nm. The refined crystallite size is somewhat smaller than the value obtained from the corresponding Rietveld analysis; this could be due to the r range (1.5-80 Å ) used for the PDF analysis and/or the mismatch of the model fit throughout the entire data range. It is also possible that a sphere is not a good approximation of the average crystallite shape for goethite, since it commonly grows as acicular needles (Guyodo et al., 2003; Waychunas et al., 2009) . Also, the level of disorder in the material prevents a reliable refinement of crystallite size.
Discussion
This neutron diffraction study on goethite is the first to resolve the purely magnetic 100 peak at 4.6 Å (Figs. 2a and 2b) . The peak arises from the lowering of symmetry of the unit cell from Pbnm to the magnetic Pb 0 nm space group. The presence of this 100 peak was suggested by Forsyth et al. (1968) , whose neutron diffraction data showed significant intensity for this peak, but it could not be resolved between the strong 020 and 110 reflections. The results agree with the Forsyth et al. (1968) model, where the spins of the Fe atoms are aligned parallel to the c axis, with no evidence of spin canting (Fig. 1b) .
To understand magnetically ordered crystals it is necessary to extend conventional space-group theory to one that contains all the additional symmetry operations that may act upon the spin of atoms in the lattice. This is done by adding 'color' to the standard nuclear symmetry operations in what is called Heesch-Shubnikov space-group theory (Heesch, 1930; Shubnikov & Belov, 1964) . In this theory the spin is described as an axial vector associated with a current loop, and the color space group defines how the symmetry operations treat the direction of magnetic vectors. The operation might be 'red' where it applies symmetry directly to the vector, or it might be 'black' where it applies the symmetry operation and adds a spin inversion. The black spin operator is often referred to as a time-reversal operator. There are 1651 color space groups compared with 230 nuclear space groups, and they are named using the standard Hermann-Mauguin name with an apostrophe added to the red operations (Cui et al., 2006) .
For goethite, according to color space group theory, there are only two models that give a 100 purely magnetic peak at 4.6 Å : one where the n-glide and m-mirror planes are red, Pbn 0 m 0 (Fig. 1c) , and the other where only the b-glide plane is red, Pb 0 nm (Figs. 1a and 1b) . It was found that the Pb 0 nm space group is the best fit for samples A and B. Although Pbn 0 m 0 gives the correct intensity for the 100 magnetic peak, it underestimates the magnetic contributions in the 020 and 110 reflections (Table 3 ). An alternative color space group, Pb 0 n 0 m (Fig. 1d) , is a test for a possible ferromagnetic structure; it has no intensity contribution to the magnetic 100 peak and also underestimates intensities in the 020 and 110 reflections (Table 3 ).
The possibility of spin canting was explored by assigning a lower-symmetry space group, P2 1 ab, to the magnetic unit cell: this removes the mirror plane over which the Fe atoms lie and frees the spins from the constraint to align parallel or perpendicular to the c axis. While the nuclear Pbnm structure was maintained, the magnetic unit cell was refined in the HIPD data using the P2 1 ab space group (Figs. 4 and 1e , and Table 3 ). This model would give rise to a purely magnetic 010 peak at 9.9 Å . Clearly, this peak is absent in the HIPD data (Fig. 4) . A close-up of the 9.6-10.4 Å range in Fig. 4 shows the refined 010 peak, obtained from the P2 1 ab model, laid over the data, which show no appreciable intensity in this region. Moreover, the P2 1 ab space group fails to reproduce the magnetic intensities of two peaks at 2.89 and 3.02 Å , and we thus conclude that the Pb 0 nm magnetic space group is the best-fit model. For this Pb 0 nm space group, the b-glide plane is a red operator and the n-glide and m-mirror planes are black operators that invert the spin of the magnetic atoms they act upon (Fig. 1a) .
The model found by means of the Rietveld refinement of neutron diffraction data shows, because of the absence of required diffraction peaks, no evidence of spin canting over a wide temperature range. Refinements on the nanocrystalline sample B at 15 K suggest that the same magnetic ordering model as determined for sample A best fits the data (Fig. 2a) . This would imply that the $13 nm particle size, which could be accompanied by the presence of vacancies or other defects, has no canting effect on the magnetic moments of this sample. Also, measured sample impurities in sample A, though not very quantitative, do not appear to have a canting effect on the spins of the Fe atoms. Hence, if any spin relaxation were present, we would be inclined to explain it by means of magnetic cluster ordering , exchange interactions between particles (Mørup et al., 1983) Neutron diffraction from HIPD on sample A at 4 K for the 40 bank data. Rietveld refinement was done with the Pbnm space group for the nuclear structure and P2 1 ab for the magnetic structure. A close-up of the 9.6-10.4 Å region shows no diffraction peak at 9.9 Å in the data, which is a calculated 010 reflection for the model used in the refinement. The Pbnm+P2 1 ab model allows canting of the spins of the Fe atoms. Rietveld refinement was done explicitly with this model in order to show that we have no evidence of a canted structure.
ordering of spins (Kilcoyne & Ritter, 1997) or weakened coupling between grains (Madsen et al., 2009) .
Information about the local structure is provided by the PDF analysis. Sample A at 300 K (Fig. 5) shows that all atomatom correlations are captured within the goethite model, with only small intensity differences for some atom-atom pairs (for example at $3.4 Å ). The bottom panel of Fig. 5 displays partial PDFs contributing to the refined model intensities over the first 8 Å . The intensity of the total PDF is shown in solid gray as a guide. The misfit intensity between the data and model at 3.4 Å corresponds to Fe-Fe atom pairs. Intensity differences could be due to local distortions or to spin-spin correlations (which were not modeled in this analysis), but the overall good fit for sample A indicates that if these effects are present they are not very strong for sample A at 300 K . The Fe-O correlation centered at $1.97 Å is narrower in sample B than in sample A, suggesting a more regular local Fe bonding coordination in the less crystalline sample (Figs. 3a  and 3b ). Decreases in long-range order can sometimes be responsible for more regular local bonding configurations (there is greater flexibility in the lattice for individual ions to satisfy their bonding requirements), though other explanations are also possible.
Sample B underwent a paramagnetic phase transition between 15 and 300 K. Evidence for this phase transition comes from the Rietveld refinements, which show no evidence for magnetic ordering at 300 K (Fig. 2c) . This is confirmed by comparing the PDFs of sample B at 15 and 300 K (Fig. 3) . The Fe-O correlation at 300 K appears narrower than that at 15 K, and there are several missing pair-pair correlations (e.g. peaks at $5.7 and $7.38 Å ) in the 300 K data. The fact that the nanocrystalline sample is paramagnetic at 300 K implies a significant reduction in the Né el temperature with respect to a well crystallized sample whose paramagnetic phase transition occurs closer to 400 K. Previous neutron diffraction studies have found a similar reduction in the Né el temperature with increasing Al substitutions in the Fe sites (Kilcoyne & Ritter, 1997) , as well as Ga substitutions (Mathé et al., 1999) . Murad & Schwertmann (1983) came to similar conclusions based on the dependence of the magnetic hyperfine field on Al substitution and crystallinity. It has also been suggested that Si impurities will have similar consequences (Murad, 1982) . PDF analysis shows clear indications of a reduced crystallinity of sample B (Fig. 3 at high r values) , as do the broad peaks in the diffraction data (Figs. 2c and 2d ). Mö ssbauer spectroscopy and magnetization measurements done on a fine-particle synthetic goethite attributed the decrease in the Né el temperature to vacancy defects . A high concentration of vacancies promotes the formation of magnetic clusters within a particle; these clusters interact with each other and slowly relax as a function of temperature, giving rise to the relaxation signature of goethite. Positron annihilation lifetime spectroscopy experiments show how increasing vacancy defects effectively reduce the Né el temperature of fine-particle goethite (Bocquet & Hill, 1995) ; these authors found a Né el temperature of 337 K in a sample with a mean crystallite (111) dimension of 16 nm. These results are comparable to what was found in the present study for sample B.
We have outlined methods of neutron diffraction for magnetic structure determination and applied them to two samples of goethite, documenting complexities depending on microstructure and chemical composition. This calls for a systematic study of a wider range of samples and temperatures to define the Né el temperature in various samples of goethite, applying the same approach.
Conclusions
The Pb 0 nm nuclear and magnetic structure of goethite (-Fe-OOH) has been characterized by Rietveld and pair distribution function analysis of neutron diffraction data. The presence of the purely magnetic 100 peak and the absence of a magnetic 010 peak at 9.9 Å enable us to discriminate between the alternative canted model previously proposed for goethite and the more accepted Pb 0 nm model. A significant reduction in the Né el temperature was found in the nanocrystalline sample. The absence of this effect in the well crystallized sample containing impurities leads us to believe that the reduction in the Né el temperature is due to the effects of a smaller crystallite size, supporting the notion of coupling of magnetic clusters proposed by . Future neutron experiments are in order to systematically investigate the influence of temperature, crystallinity, chemical substitu- tions, water content and possibly crystal habit on the magnetic structure of goethite.
